Introduction {#S1}
============

The two broad functional classes of cortical neurons, excitatory projection neurons and inhibitory interneurons, arise from spatially and molecularly-segregated pallial (dorsal) and subpallial (ventral) proliferative ventricular zones (VZ) of the telencephalon, respectively[@R1]-[@R3]. Parcellation of these proliferative regions into molecularly segregated domains separated at the pallial-subpallial boundary (PSB) is critical for the generation of these distinct classes of neurons. Within these broad excitatory and inhibitory neuronal classes, tremendous subtype diversity arises largely from the dynamic temporal expression of progenitor and postmitotic transcriptional regulators. Both of these developmental mechanisms (inter- and intra-domain segregation of molecular regulators) combine to give rise to the extraordinary neuronal diversity of the adult mammalian brain.

The parcellation of the proliferative neuroepithelium at the PSB is defined and maintained by the interactions of several critical early patterning transcription factors, exemplified by the repressive interaction of pallium-expressed Neurogenin2 (Ngn2; also known as Neurog2) on the generally subpallium-expressed Mash1 (also known as Ascl1)[@R1]. Accordingly, loss of Ngn2 function results in dorsal expansion of Mash1 expression, and a consequent ventralization of pallial progenitors, which aberrantly give rise to subpallial-like neurons[@R4],[@R5]. The dynamic interaction between this key pair of transcription factors exemplifies the delicate balance of molecular regulators in establishing and maintaining the PSB.

Throughout corticogenesis, these pallial and subpallial progenitors give rise to neurons, whose fate depends largely on the location and time at which they are born[@R3],[@R6]-[@R9]. In the pallium, excitatory projection neuron subtypes are born sequentially under the control of temporally-coordinated programs that guide their subtype specification and differentiation[@R3]. Simultaneously, inhibitory cortical interneurons, which constitute approximately 25% of all cortical neurons, are primarily born in the subpallial medial (MGE) and caudal ganglionic eminences (CGE)[@R2]. Acquisition of distinct interneuron subtype identities, distinguishable by molecular, morphological, and electrophysiological phenotypes, depends on both the place and time of birth within the MGE and CGE[@R2],[@R6]-[@R12]. Differentiating interneurons then migrate tangentially toward and then radially into the cortex to populate their final laminar destinations alongside concurrently-born pallium-derived excitatory projection neurons[@R2],[@R13]. Since cortical interneurons are implicated in several developmental disorders[@R14] including epilepsy[@R15], autism[@R16], and schizophrenia[@R17], understanding the molecular controls over their subtype diversity might clarify some causes of and potential therapeutic approaches to these important disorders.

Though major progress has been made in elucidating regulation of broad aspects of neuronal heterogeneity during development[@R1], only recently have specific controls over excitatory[@R3],[@R18]-[@R26] and inhibitory[@R27]-[@R31] cortical neuron subtype differentiation been characterized. We recently reported that the transcription factor SOX5 postmitotically controls the sequential generation of distinct pallium-derived excitatory corticofugal projection neuron populations, regulating their subtype diversity[@R22],[@R26]. Motivated by the complementary and largely redundant functions of SOX5 and SOX6 in other systems[@R32],[@R33], we hypothesized that SOX6 might also function in the generation of forebrain neuronal diversity.

SOX6 and SOX5 belong to the [S]{.ul}RY-type HMG B[ox]{.ul} (SOX)-containing transcription factor family, composed of approximately 20 members in mammals, many of which have precise temporal and spatial function in cell fate specification and differentiation in multiple organ systems including the central nervous sytem[@R34],[@R35]. SOX6 and SOX5, which share 93% identity in their HMG DNA-binding domains and 61% overall identity[@R36], interact and functionally overlap during chondrogenesis and oligodendroglial development in the spinal cord. During chondrogenesis, SOX6 and SOX5 are co-expressed in prechondrocytes, where they have overlapping and additive roles in promoting appropriate and timely differentiation into chondroblasts. Loss of either gene alone produces mild skeletal defects and perinatal death, while loss of both genes results in major cartilage dysgenesis and death during late gestation[@R32]. Similarly, SOX6 and SOX5 are co-expressed in developing oligodendroglia in the spinal cord, where they act as functionally equivalent repressors of specification and terminal differentiation[@R33]. SOX6 has been reported to be expressed in the forebrain during mid-gestation by whole mount *in situ* hybridization[@R36] and in the early postnatal brain by Northern blot and RT-PCR[@R37], but without further investigation of cell-type specific expression or function.

Here, we report that in striking contrast to their overlapping expression and largely redundant functions in other systems, SOX6 and SOX5 are almost entirely mutually exclusively expressed in the forebrain, and have distinct, complementary functions. SOX6 and SOX5 exhibit complementary expression in pallial and subpallial progenitors, respectively, and this expression is remarkably reversed in differentiating postmitotic neurons, as progeny of subpallial progenitors (at least largely comprised of cortical interneurons) express SOX6, and corticofugal projection neuron progeny of pallial progenitors express SOX5. During development, SOX6 controls the segregation of pallial from subpallial progenitors by repressing the expression of Mash1 and downstream subpallium-specific programs in pallial progenitors. Postmitotically, SOX6 regulates multiple aspects of cortical interneuron differentiation, ultimately controlling the molecular diversity of cortical interneuron subtypes. We conclude that SOX6 and SOX5 play independent and complementary roles in the generation of neuronal diversity during neocortical development.

Results {#S2}
=======

SOX6 and SOX5 are mutually exclusively expressed {#S3}
------------------------------------------------

To determine whether SOX6 and SOX5 play complementary or interactive roles during neocortical development, we characterized their expression at key stages of corticogenesis. *In situ* hybridization and immunocytochemistry reveal that SOX6 and SOX5 are expressed in complementary and almost entirely mutually exclusive populations of progenitors and cortical neurons: SOX6 in pallial progenitors and postmitotic subpallial neurons, and SOX5 in subpallial progenitors and postmitotic pallial corticofugal projection neurons[@R22] ([Fig. 1a-e](#F1){ref-type="fig"}). Early in corticogenesis, SOX6 is expressed in the telencephalon in a slight dorsal-high to ventral-low gradient ([Fig. 1b](#F1){ref-type="fig"}), while SOX5 is expressed in a spatially reciprocal ventral-high to dorsal-low gradient ([Fig. 1c](#F1){ref-type="fig"}). During mid- to late corticogenesis, SOX6 and SOX5 have mutually exclusive expression in pallial (SOX6), and subpallial (SOX5) VZ progenitors ([Fig. 1d,e](#F1){ref-type="fig"} and [Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). Their expression overlaps exclusively in a discrete portion of the dorsal subpallial VZ at the PSB ([Supplementary Fig. 1b](#SD2){ref-type="supplementary-material"}), a region that gives rise to the lateral cortical stream, populating basal telencephalic structures including the amygdala and piriform cortex[@R38],[@R39].

Strikingly, the postmitotic progeny of pallial and subpallial progenitors mutually exclusively express SOX6 and SOX5 in a reverse pattern; SOX6 is expressed in the MGE and CGE mantle zones, which contain, among other neuronal populations, developing cortical interneurons that maintain SOX6 expression as they mature in the neocortex, while SOX5 is expressed by corticofugal projection neurons in the cortical plate[@R22] ([Fig. 1d,e](#F1){ref-type="fig"} and [Supplementary Fig. 1a](#SD2){ref-type="supplementary-material"}; also [Fig. 6a](#F6){ref-type="fig"}). Notably, SOX6 is not expressed in the mantle zone of the LGE, where medium spiny neurons that populate the striatum will later mature ([Fig. 1d](#F1){ref-type="fig"}). Immunocytochemical analysis of the S-phase marker BrdU, the pan-mitotic marker PCNA, and the M-phase marker phospho-histone 3 (PH3) reveals that subpallial expression of SOX6 is postmitotic ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}) (though the theoretical possibility exists of low level, undetectable expression in mitotic cells). Taken together, these data indicate that SOX6 and SOX5 are expressed in spatially abutting, almost entirely non-overlapping populations of progenitors and postmitotic neurons, suggesting cross-repressive interactions during development.

SOX6 and SOX5 progenitor expression is cross-repressive {#S4}
-------------------------------------------------------

We hypothesized that if cross-repressive interactions exist, either direct or indirect, loss of either SOX6 or SOX5 would result in the corresponding ectopic expression of the other. Indeed, loss of SOX6 function in *Sox6* null (*Sox6*^−/−^) mice[@R32] results in expansion of SOX5 expression into the normally SOX6-expressing pallial VZ ([Fig. 2a](#F2){ref-type="fig"}). During corticogenesis, this ectopic SOX5 expression gradually expands from the lateral to medial extent of the pallial VZ, suggesting a developmental gradient of SOX5 expression. Conversely, in *Sox5* null (*Sox5*^−/−^) mice[@R32], SOX6 expression expands ventrally into the subpallial VZ during neocortical development ([Fig. 2b](#F2){ref-type="fig"}). This cross-repressive interaction is restricted to progenitors, and is not apparent in postmitotic neurons that express SOX6 or SOX5, indicating progenitor-specific, and possibly indirect, interactions between these two transcription factors, most likely in coordination with other progenitor patterning genes.

Remarkably, the dorsal subpallial VZ co-expresses SOX6 and SOX5 ([Supplementary Fig. 1b](#SD2){ref-type="supplementary-material"}), indicating a unique relationship in this distinct developmental domain, and suggesting that expression of either gene alone is not sufficient to repress the expression of the other. To investigate whether SOX6 and SOX5 are sufficient to repress expression of each other in progenitors, we mis-expressed SOX6 in the subpallial VZ and SOX5 in the pallial VZ via *in utero* electroporation at E12.5 for analysis at E16.5. Ectopic mis-expression of either gene revealed many transfected progenitors that continued to express the other ([Supplementary Fig. 1c,d](#SD2){ref-type="supplementary-material"}). This maintained co-expression after ectopic mis-expression of either gene is not surprising, given their normal co-expression in a discrete region of dorsal subpallial progenitors ([Supplementary Fig. 1b](#SD2){ref-type="supplementary-material"}), as well as in other developing systems[@R32],[@R33], indicating that these two transcription factors can normally be co-expressed. Taken together, these data indicate that SOX6 and SOX5 are necessary, though not sufficient, to repress expression of each other in forebrain progenitors, strongly suggesting combinatorial interactions with other regional patterning signals during telencephalic development.

SOX6 and Ngn2 cooperatively control pallial identity {#S5}
----------------------------------------------------

The complementary and mutually exclusive expression of SOX6 and SOX5 in forebrain progenitor domains is highly reminiscent of the generally non-overlapping expression of the critical patterning transcription factors Ngn2 (pallial) and Mash1 (subpallial)[@R4],[@R40]. Loss of Ngn2 causes ectopic expansion of Mash1 expression into pallial progenitors, activating downstream subpallial differentiation programs[@R4],[@R5]. Since the patterns of SOX6 and Ngn2 expression in telencephalic progenitors are largely superimposable, we examined whether loss of SOX6 function would result in a similar ventralization of the pallium. Indeed, loss of SOX6 causes a dramatic expansion of Mash1 expression into the pallial VZ throughout corticogenesis ([Fig. 3a](#F3){ref-type="fig"} and [Supplementary Fig. 3a](#SD2){ref-type="supplementary-material"}). Interestingly, Olig2, a transcription factor also expressed by subpallial progenitors during corticogenesis, is also ectopically expressed in *Sox6*^−/−^ pallial VZ ([Supplementary Fig. 3b](#SD2){ref-type="supplementary-material"}). This domain-parcellating function is specific for SOX6, since loss of SOX5 function does not cause a reciprocal ventral expansion of pallium-specific Ngn2 expression, and simultaneous loss of both SOX6 and SOX5 function largely replicates the phenotype of *Sox6*^−/−^ mice ([Supplementary Fig. 3c,d](#SD2){ref-type="supplementary-material"}). These data indicate that SOX6 functions centrally in the molecular segregation of the pallial from the subpallial progenitor domain.

We next examined whether the partial ventralization of pallial progenitors in *Sox6*^−/−^ mice is due to disruption of the expression of mostly pallium restricted Pax6 or its direct downstream target Ngn2[@R41]. Pax6 ([Supplementary Fig. 3e](#SD2){ref-type="supplementary-material"}) and Ngn2 ([Fig. 3b](#F3){ref-type="fig"}) are still normally expressed in the *Sox6*^−/−^ pallium, indicating that their expression in not centrally driven by SOX6. Since Ngn2 is known to normally repress Mash1[@R4], and since this repression is lost in *Sox6*^−/−^ pallial progenitors (where Ngn2 and Mash1 are abnormally co-expressed), we hypothesized that SOX6 maintains pallial identity either (1) within and transcriptionally activated by the well described Pax6 → Ngn2 ⊣ Mash1 pathway, mediating Ngn2 repression of Mash1, or (2) in a previously undefined genetic cascade that does not require the Ngn2 pathway for transcriptional activation. To discriminate between these two possibilities, we examined the expression of SOX6 in the abnormally ventralized pallium of *Ngn2*^−/−^/*Ngn1*^−/−^ mice[@R4], in which the repression of Mash1 by Ngn2 (supplemented by additive repression by Ngn1) is lost[@R4] ([Fig 3c](#F3){ref-type="fig"}). Loss of SOX6 expression in the *Ngn2*^−/−^/*Ngn1*^−/−^ pallium would suggest that SOX6 is a downstream transcriptional target of Ngn signaling, acting within this canonical pathway. The data exclude this alternative, since SOX6 expression is maintained in *Ngn2*^−/−^/*Ngn1*^−/−^ pallium ([Fig. 3d](#F3){ref-type="fig"}). Just as Ngn2 is normally expressed in the pallial VZ in the absence of SOX6, SOX6 is normally expressed in the absence of Ngn2. These data indicate that the cooperative convergence of both SOX6 and Ngn2 pathways is necessary to repress Mash1 and maintain the dorsal identity of pallial progenitors, while neither is sufficient on its own. In the absence of either of these critical regulators, pallial progenitors adopt a "blurred" dorsal-ventral identity, inappropriately co-expressing genes normally specific to one or the other developmental domain.

Despite the partial ventralization of *Sox6*^−/−^ pallial progenitors, projection neuron laminar distribution and subtype- and layer-specific molecular expression appears largely normal ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}). Similarly, pallial progenitor proliferation is not affected by loss of SOX6 function, as assessed by BrdU uptake and PH3 expression (data not shown). In order to determine whether the expansion of Mash1 expression into the *Sox6*^−/−^ pallium is indicative of the initiation of subpallium-specific programs of gene expression, we performed comparative microarray analysis between wildtype and *Sox6*^−/−^ pallium during mid-corticogenesis at E13.5, and identified several normally subpallium-specific genes ectopically expressed in the *Sox6*^−/−^ pallium, including *Dlx1, Dlx2, Dlx4, Gsh2, Isl1, Meis1*, as well as *Sox5* ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). These data indicate that SOX6 critically maintains pallial progenitor identity by repressing subpallial programs of gene expression, but critical redundant and/or compensatory controls (e.g. Ngn2 and Ngn1) persist that are sufficient to ensure largely appropriate pallial corticogenesis[@R42].

Taken together, these results indicate that SOX6 controls the segregation of telencephalic progenitor domains during development, acting cooperatively with Ngn2 to repress subpallial identity in pallial progenitors.

SOX6 controls cortical interneuron subtype differentiation {#S6}
----------------------------------------------------------

SOX6 is also expressed in postmitotic interneurons as they reside in the subpallium and populate the neocortex ([Fig. 1d](#F1){ref-type="fig"} and [Supplementary Fig. 1a and 2 also Fig. 6a](#SD2){ref-type="supplementary-material"}). We therefore examined whether loss of SOX6 function would affect sequential steps of interneuron differentiation, including (1) early postmitotic molecular identity; (2) cortical laminar location and morphology; and (3) interneuron molecular subtype differentiation. Our data indicate that SOX6 acts postmitotically, as cortical interneurons are born and differentiate, controlling their appropriate subtype development.

### (1) Early postmitotic molecular identity {#S7}

The early molecular programs of immature postmitotic cortical interneurons in the subpallial mantle zones largely determine and predict their appropriate differentiation[@R43]. *Sox6*^−/−^ MGE and CGE mantle zones exhibit abnormal expression of Mash1 and Ngn2 ([Fig. 3a,b](#F3){ref-type="fig"}), proneural transcription factors normally confined to VZ progenitors. SOX6 repression of the ectopic and persistent expression of normally progenitor and subpallium-specific Mash1, and normally progenitor and pallium-specific Ngn2, in subpallial mantle zones strongly suggests that SOX6 controls the temporal segregation of transcriptional programs between progenitors and postmitotic neurons.

Because MGE and CGE *Sox6*^−/−^ mantle zone cells ectopically Ngn2, which normally represses subpallial and maintains pallial identity[@R4], we hypothesized that these cells might abnormally initiate pallium-like gene expression. Consistent with this hypothesis, *Sox6*^−/−^ subpallial mantle zone cells inappropriately express Vglut2, a vesicular glutamate transporter, whose expression is normally restricted to pallium-born excitatory projection neurons ([Fig. 4a](#F4){ref-type="fig"}). This indicates that at least a subpopulation of *Sox6*^−/−^ subpallial immature neurons in the mantle zone are inappropriately differentiating.

In order to investigate whether this abnormal co-expression of pallial/subpallial and progenitor/postmitotic molecular regulators (Mash1, Ngn2, Vglut2) in *Sox6*^−/−^ immature subpallial neurons affects their ability to broadly differentiate into GABAergic neurons, we determined whether they express GAD67, (also known as Gad1), an enzyme necessary for the synthesis of the inhibitory neurotransmitter GABA, a fundamental indicator of their identity. Using *in situ* hybridization for *GAD67* (data not shown) and confirming using *GAD67-GFP* (delta-neo) transgenic mice, in which GFP is expressed in the vast majority of GABA^+^ neurons[@R28],[@R44], we find that in *Sox6*^−/−^;*GAD67-GFP* mice, GAD67 is expressed in neurons leaving the subpallial mantle zones ([Fig. 4b](#F4){ref-type="fig"}), suggesting appropriate broad GABAergic neuron specification. However, as cortical interneurons continue their migration tangentially in one of two streams toward the cortex (a superficial marginal zone (MZ) stream or a deeper intermediate zone (IZ)/ subventricular zone (SVZ) stream), they seemingly fail to migrate properly in *Sox6*^−/−^ cortex, as indicated by the consistently less advanced leading edge of the MZ stream compared to the leading edge of the IZ/SVZ stream ([Fig. 4b,c](#F4){ref-type="fig"} and [Supplementary Fig. 5a](#SD2){ref-type="supplementary-material"}). There is no change in the number of interneurons in either migratory stream at E13.5 ([Fig. 4d](#F4){ref-type="fig"} and [Supplementary Fig. 5b](#SD2){ref-type="supplementary-material"}). From these data, we conclude that loss of SOX6 function perturbs the initial temporal segregation of progenitor-specific factors from postmitotic neurons, potentially causing their abnormal tangential migration, without affecting overall broad GABAergic neuron specification and abundance.

### (2) Cortical laminar location and morphology {#S8}

To further investigate whether the molecular and migratory irregularities in early stages of *Sox6*^−/−^ subpallial neuron differentiation are associated with abnormalities in subsequent stages of interneuron cortical invasion, we examined the laminar location and morphology of these interneurons as they populate the cortex. In *GAD67-GFP* mice at P0 ([Fig. 5a](#F5){ref-type="fig"}), just after the interneurons have begun their radial migration into the maturing cortex, as well as at P14 ([Fig. 5b](#F5){ref-type="fig"}), as they have more fully adopted their mature phenotypes, *Sox6*^−/−^ interneurons preferentially populate deeper neocortical layers ([Fig. 5c,d](#F5){ref-type="fig"}), without any change in their total numbers. (Although the large majority of *Sox6*^−/−^ mice die perinatally, small numbers survive a few weeks postnatally, allowing P14 analysis[@R32]. *Sox6*^+/−^ mice survive to adulthood, though a small number exhibit occasional seizure behavior.) In examining the morphology of GAD67-GFP^+^ neurons at P0, in contrast to the mostly radial orientation of wildtype interneurons (reflecting their transition from tangential to radial migration), *Sox6*^−/−^ interneurons display abnormal, tangential orientation ([Fig. 5a](#F5){ref-type="fig"}). These laminar distribution and morphological abnormalities are confirmed by analysis of the broad (at P0) interneuron marker calbindin (Calb) ([Supplementary Fig. 6a](#SD2){ref-type="supplementary-material"}). These data indicate that SOX6 plays a critical role in the differentiation of cortical interneurons as they integrate into the neocortical circuitry, manifested by their inappropriately deep laminar location and abnormal morphology.

### (3) Interneuron molecular subtype differentiation {#S9}

In order to determine whether SOX6 differentially affects the development of distinct cortical interneuron subtypes, we examined interneuron subpopulations using idiosyncratic molecular markers[@R2],[@R11]. By P14, the calcium-binding protein parvalbumin (PV) and the peptide hormone somatostatin (SST) are expressed by two non-overlapping subclasses of predominantly MGE-born interneurons, many of which are born early in corticogenesis; the peptide neurotransmitter neuropeptide Y (NPY) is expressed by normally later-born MGE and CGE-derived interneurons, many of which co-express SST; the peptide hormone vasoactive intestinal peptide (VIP) is predominantly expressed by late-born, CGE-derived interneurons, though a subpopulation of VIP^+^ interneurons co-express SST and might be of MGE origin; and the calcium-binding protein calretinin (Calret) is predominantly expressed by late-born CGE interneurons, though a subpopulation also co-expresses SST and might be of MGE origin [@R2],[@R6],[@R7],[@R45],[@R46].

At P14, \~65% of all GAD67-GFP^+^ interneurons express SOX6, including: essentially all PV^+^ (86%) and SST^+^ (96%) interneurons (both the Calret^+^ (83%) and Calret^−^ (95%) subpopulations); over one-third of NPY^+^ interneurons (37%); essentially no VIP^+^ interneurons (3%); and only a small minority of Calret^+^ interneurons (11%) ([Fig. 6a,b](#F6){ref-type="fig"}). Loss of SOX6 function results in a dramatic reduction in the number of interneurons expressing PV (93% reduction; p \< 0.0001) and SST (70% reduction; p = 0.002), including the small population of SST^+^/Calret^+^ interneurons (79% reduction; p = 0.03), and the SST^+^/Calret^−^ interneurons (70% reduction; p = 0.001). Conversely, there is a corresponding dramatic increase in the number of NPY^+^ interneurons (137% increase; p = 0.0009), and no change in the number of VIP^+^ and Calret^+^ interneurons ([Fig. 6c,d](#F6){ref-type="fig"} and [Supplementary Fig. 6b--i](#SD2){ref-type="supplementary-material"}). Notably, as observed with the general interneuron marker GAD67, all interneuron subtypes that normally express SOX6 inappropriately redistribute to deeper cortical layers in *Sox6*^−/−^ cortex ([Supplementary Fig. 6c--i](#SD2){ref-type="supplementary-material"}). At P0, when SST expression is normally seen in lateral neocortex and piriform cortex, there are already dramatically reduced numbers of *Sox6*^−/−^ SST^+^ interneurons ([Supplementary Fig. 6b](#SD2){ref-type="supplementary-material"}), indicating that SOX6 function is necessary from early stages of cortical interneuron molecular differentiation. Together, these data indicate that loss of SOX6 function causes a decrease in the abundance of particular molecularly-defined subtypes of cortical interneurons, many of which are normally MGE-derived during early corticogenesis, without affecting overall cortical interneuron number.

To investigate potential temporal control by SOX6 over cortical interneuron subtype differentiation, particularly given its preferential effects on largely early-born PV^+^ and SST^+^ MGE-derived interneurons[@R2],[@R6],[@R7],[@R45], we performed dual birthdating of interneuron subtypes born at E11.5 and E15.5 using the halogenated thymidine analogues IdU and CldU, respectively[@R47], for examination at P14 ([Fig. 7](#F7){ref-type="fig"}). In WT cortex, NPY^+^ interneurons are preferentially born during late versus early corticogenesis (\~twice as many CldU^+^/NPY^+^ as IdU^+^/NPY^+^; 180%, p = 0.02) ([Fig. 7a](#F7){ref-type="fig"}), confirming previous reports[@R46]. Additionally, while the number of early- and late-born neurons are equivalent between WT and *Sox6*^−/−^ cortices, far fewer *Sox6*^−/−^ early- and late-born interneurons are PV^+^ and SST^+^ (early PV: 83% decrease; p = 0.002; early SST: 65% decrease; p = 0.009; late PV: 88% decrease; p = 0.02; late SST: 93% decrease; p = 0.04), while a dramatically increased number of early- and late-born cortical interneurons are NPY^+^ (early NPY: 40% increase; p = 0.03; late NPY: 90% increase; p = 0.04) ([Fig. 7b](#F7){ref-type="fig"}). These data strongly suggest that, when SOX6 function is absent, many early- and late-born cortical interneurons that would normally differentiate into PV^+^ and/or SST^+^ subtypes inappropriately express NPY, which is normally preferentially expressed by later-born subtypes. Taken together, these data suggest that, much like the function of SOX5 in corticofugal projection neurons[@R22],[@R26], SOX6 is necessary for appropriate cortical interneuron molecular subtype diversity, ensuring the appropriate temporal expression of subtype-defining and functionally central proteins.

Given the striking effects of loss of SOX6 function on the largely MGE-derived PV^+^ and SST^+^ interneurons without an effect on overall cortical interneuron numbers, we next examined whether loss of SOX6 function affects the expression of LHX6, a transcription factor necessary for the appropriate development of MGE-derived cortical interneuron subtypes[@R28],[@R29]. In *Sox6*^−/−^ mice, LXH6 is expressed in MGE-born interneurons, but these neurons are disorganized as they segregate into migratory streams and populate the cortex at E13.5 ([Fig. 8a](#F8){ref-type="fig"}), confirming the tangential migratory abnormalities observed in *Sox6*^−/−^;*GAD67-GFP* mice ([Fig. 4b,c](#F4){ref-type="fig"}). These data indicate that SOX6 is required for appropriate subtype-specific differentiation from these earliest stages of interneuron development. At P14, after maturing interneurons have populated the cortex, while there is a modest drop in the abundance LHX6^+^ neurons in *Sox6*^−/−^ cortex (35% reduction; p = 0.04), most LHX6^+^ interneurons populate the cortex ([Fig. 8b](#F8){ref-type="fig"}). Importantly, LHX6 is not ectopically expressed by neurons born from abnormally ventralized *Sox6*^−/−^ pallial progenitors ([Fig. 8a](#F8){ref-type="fig"}) or in *Sox6*^−/−^ CGE (data not shown), indicating that, as in the normal brain, LHX6^+^ neurons in *Sox6*^−/−^ cortex are MGE-derived.

To determine whether the abnormally abundant NPY^+^ interneurons arise from the *Sox6*^−/−^ MGE population itself ("population autonomous" rather than due to changes outside of this population), we investigated whether there is an increase in the number of MGE-derived LHX6^+^ interneurons that express NPY in *Sox6*^−/−^ cortex. In WT cortex, very few LHX6^+^ neurons co-express NPY (1% ± 0.5% of LHX6^+^ neurons), while *Sox6*^−/−^ cortex reveals a dramatic increase (23% ± 3% of LHX6^+^ neurons) (\~11.5-fold increase; p = 0.004) ([Fig. 8c,d](#F8){ref-type="fig"}). Similarly, there is a very large increase in the number of NPY^+^ neurons that immunocytochemically co-label with LHX6 in *Sox6*^−/−^ cortex (22% ± 3% of NPY^+^ neurons) as compared to WT (4% ± 2% of NPY^+^ neurons). Additionally, the large majority of these *Sox6*^−/−^ LHX6^+^/NPY^+^ neurons are found in deep cortical layers (81% ± 5%), further suggesting they are of early-born MGE origin ([Fig. 8d](#F8){ref-type="fig"}). Taken together, these interneuron subtype analyses indicate that SOX6 functions in a population autonomous manner, controlling the appropriate molecular differentiation of MGE-derived cortical interneuron subtypes.

An additional (though not mutually exclusive) theoretical explanation for the increase in the number of *Sox6*^−/−^ NPY^+^ interneurons is that they might be born from abnormally ventralized *Sox6*^−/−^ pallial progenitors. However, the data indicate that *Sox6*^−/−^ NPY^+^ neurons are not pallium-derived: 1) LHX6^+^ interneurons in *Sox6*^−/−^ cortex do not express TBR1 ([Supplementary Fig. 7a](#SD2){ref-type="supplementary-material"}), a transcription factor broadly expressed by pallium-derived pyramidal neurons through P14; and 2) all NPY^+^ neurons in *Sox6*^−/−^ cortex express GAD67-GFP ([Supplementary Fig. 7b](#SD2){ref-type="supplementary-material"}), and GAD67-GFP is not expressed by neurons born from partially ventralized *Sox6*^−/−^ pallial progenitors ([Fig. 4b](#F4){ref-type="fig"}).

Integrating our findings, we report that during telencephalic development, SOX6 is largely mutually exclusively expressed and cross-repressively interacts with highly related SOX5, critically controlling pallial progenitor identity and cortical interneuron differentiation and diversity. Interestingly, we previously demonstrated that subtype differentiation in the complementary population of corticofugal projection neurons is analogously controlled by SOX5[@R22]. Taken together, these simultaneous, independent, and functionally parallel postmitotic controls critically underlie much of the tremendous neuronal diversity in the neocortex ([Supplementary Fig. 8](#SD2){ref-type="supplementary-material"}).

Discussion {#S10}
==========

The extraordinary cellular diversity of the central nervous system arises largely from the parsimonious use of a relatively small number of genes across distinct cell types, exemplified here by the multiple and distinct functions of SOX6 during neocortical development. We show that the highly related transcription factors SOX6 and SOX5 (which are co-expressed with largely overlapping functions in other organ systems[@R32],[@R33]), are expressed and function in the telencephalon in a novel, cross-repressive, and complementary fashion. SOX6 functions cooperatively with previously described pallial/subpallial parcellation programs to control pallial progenitor identity, and it is critical for the subtype diversity of cortical interneurons, parallel to SOX5 function in pallium-derived corticofugal projection neurons[@R22].

In the developing telencephalon, the repressive action of SOX6 and Ngn2[@R4] on Mash1 expression is critical for maintaining pallial progenitor identity. Our data indicate 1) that the expression of SOX6 and Ngn2 are independent; 2) that these two Mash1 repressive interactions are cooperative; and 3) that both are individually necessary, though neither is on its own sufficient, for repressing subpallial identity. Interestingly, while Pax6 directly activates Ngn2 expression in the telencephalon, spinal cord, and retina[@R41], it does not appear to act transcriptionally upstream or downstream of SOX6, since microarray analysis of *Pax6*^−/−^ pallium reveals no change in SOX6 expression[@R48], and the *Sox6*^−/−^ pallium exhibits no change in Pax6 expression. This strongly suggests that there are at least two pathways that restrict Mash1 expression to the subpallium: (1) a classic Pax6→ Ngn2 pathway, and (2) a cooperative pathway in which SOX6 is expressed independently of Pax6 and Ngn2.

Despite dorsal ectopic expression of Mash1, SOX5, and other subpallial VZ signals in *Sox6*^−/−^ pallial progenitors, postmitotic projection neuron progeny appear to develop broadly normally. This contrasts with the apparently more severe ventralization of these neurons in *Ngn2*^−/−^ mice (e.g. extensive ectopic expression of GAD67)[@R4],[@R5], suggesting that, although initial stages of ventralization occur in *Sox6*^−/−^ pallium ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}), dorsal identity regulators that persist in *Sox6*^−/−^ pallial progenitors, including perhaps Ngn2 and Ngn1, are sufficient to override and mask Mash1 and other subpallial fate programs, as has been suggested[@R42]. Therefore SOX6 likely functions in concert with additional pallial patterning regulators to control dorsal identity.

Interestingly, SOX6 and SOX5 are co-expressed in a discrete region of the dorsal subpallial VZ near the PSB. This region encompasses a proliferative source for the lateral cortical stream, which populates structures of the basal limbic system including the amygdala and piriform cortex[@R38],[@R39]. These paleopallial structures are of older evolutionary origin than the neocortex of the neopallium. SOX6 and SOX5 may have been evolutionarily selected to act cooperatively in this unique population of progenitors, as they do in chondrocytes and spinal cord oligodendrocytes. In contrast, the later evolution of the neocortex may have driven the separation of these transcription factors, contributing to the evolution of mammalian neocortical development[@R49]. Further molecular phylogenetic analysis might elucidate whether SOX6 and SOX5 cooperate during paleopallium development, and at what point SOX6 and SOX5 function diverged into discrete telencephalic progenitor and neuronal populations.

SOX6 is also necessary for successive stages of cortical interneuron postmitotic differentiation. Immature neurons in *Sox6*^−/−^ subpallial mantle zones exhibit "confused" progenitor/postmitotic and dorsal-ventral molecular identity, aberrantly expressing subpallial progenitor-restricted Mash1, pallial progenitor-restricted Ngn2, and pallial postmitotic-restricted Vglut2. As *Sox6*^−/−^ cortical interneurons mature, they are broadly correctly specified as GABAergic and populate the cortex in correct numbers, but finer molecular analysis reveals aberrant subtype differentiation, as exemplified by MGE-born cortical interneuron populations. In the absence of SOX6 function, there is a dramatic increase in the abundance of NPY^+^ interneurons at the expense of PV^+^ and SST^+^ interneurons, revealing abnormal subtype-defining neurotransmitter/molecular identity, one of multiple core contributing factors to the overall subtype identity and function of a neuron. Additional morphological and electrophysiological analyses might further examine whether these aberrant NPY^+^ interneurons fully adopt functions normally associated with NPY expression.

Three potential (and not mutually exclusive) processes might largely account for the dramatic loss of *Sox6*^−/−^ cortical interneuron molecular subtype diversity, without overall reduction of interneuron number. One possibility is that population autonomous subtype specification is primarily affected, such that MGE-derived interneurons that would normally differentiate into subtypes that express PV and/or SST abnormally differentiate and express the normally later-expressed NPY. Another possibility is that MGE-born interneurons that normally would have been PV^+^ and SST^+^ might selectively not populate the cortex, and CGE progenitors might simultaneously increase their NPY^+^ interneuron output. A third, similar possibility is that abnormally partially ventralized *Sox6*^−/−^ pallial progenitors are a source of these new NPY^+^ neurons, which populate the cortex in place of MGE-born interneurons.

Our data very strongly favor the first interpretation of population autonomous subtype differentiation, since 1) there is a very large increase in the number of MGE-derived LHX6^+^ interneurons that express NPY concomitant with their loss of PV and SST expression; 2) birthdating analysis reveals that, while the overall numbers of both early- and late-born neurons are unaffected by the loss of SOX6 function, a large number of early-born interneurons, which tend to arise from the MGE rather than the CGE, do not express PV or SST, but inappropriately express NPY; 3) abnormal molecular identity in the *Sox6*^−/−^ MGE mantle zone (Ngn2, Mash1, Vglut2), observed as soon as the interneurons are born, strongly suggests a population autonomous effect of SOX6 function very early in neuronal differentiation; 4) there is no evidence of a significant increase in the number of GAD67-GFP^+^ migrating interneurons originating from *Sox6*^−/−^ CGE, or any from the pallium, that would be required to compensate for the hypothetical loss of MGE-born interneurons (theoretically predicted for the second and third hypothetical possibilities outlined above); 5) specifically regarding the second possibility that the NPY^+^ neurons are all CGE-derived, it is neither likely, nor supported by any of the data, that *Sox6*^−/−^ CGE progenitor populations would increase their neurogenic rate in the absence of SOX6, since SOX6 is not normally even expressed in CGE VZ progenitors; and finally, 6) specifically regarding the third possibility that the NPY^+^ neurons are pallium-derived, in *Sox6*^−/−^ cortex, all NPY^+^ neurons express GAD67, which the data show is not ectopically expressed in *Sox6*^−/−^ pallium-born neurons, and they do not express TBR1, a transcription factor broadly expressed by pallium-derived projection neurons, together strongly indicating that they are not born from pallial progenitors. Taken together, these results reinforce previous findings on the population-autonomous functions of SOX6 both within and outside of the nervous system[@R32],[@R33], now revealing its function as a critical control over the appropriate molecular differentiation of MGE-derived cortical interneuron subtypes.

Additional interneuron developmental deficits might be occurring in the absence of SOX6 function. While all LHX6^+^ neurons in *Sox6*^−/−^ cortex express GAD67-GFP, indicating their broad differentiation into GABAergic interneurons, some do not express NPY, PV, SST, or other major cortical interneuron subtype molecular markers. This suggests that some *Sox6*^−/−^ MGE-derived interneurons might stall during later stages of subtype differentiation. Additionally, these data do not exclude the possibility that SOX6 also functions in the population autonomous subtype differentiation of SOX6^+^ CGE-derived cortical interneurons, or perhaps via additional non population-autonomous pathways.

NKX2--1 is a transcription factor that acts upstream of LHX6[@R30], and was recently shown to be critical for multiple stages of cortical interneuron development, including the temporal fate specification of cortical interneuron subtypes[@R31],[@R50]. Loss of NKX2--1 function results in a reduction in the number of PV^+^ and SST^+^ cortical interneurons, and a corresponding increase in the number of VIP^+^ and CR^+^ interneurons. Given the present findings, SOX6 might be functioning, at least partially, in the postmitotic downstream execution of NKX2--1 signaling, potentially cooperatively interacting with LHX6[@R28],[@R29], thereby regulating the temporal pacing of MGE-derived cortical interneuron fate specification and differentiation ([Supplementary Fig. 8](#SD2){ref-type="supplementary-material"}). Additional gain- and loss-of-function analyses might elucidate potential functional interactions between these transcription factors during interneuron subtype specification and differentiation.

Much like pallium-born neuron subtypes, cortical interneuron subtype identity is largely determined by the time of birth. Fate mapping experiments using H^3^-thymidine labeling and, more recently, genetic tools investigating subtype specification within MGE-born interneurons, reveal that SST^+^ interneurons, which are strikingly diminished in number in *Sox6*^−/−^ cortex, are on average born at earlier stages of corticogenesis, while NPY^+^, VIP^+^, and CR^+^ interneurons, whose numbers are either increased or maintained in *Sox6*^−/−^ cortex, are born later[@R7],[@R31],[@R45],[@R46]. These data raise the hypothesis that, during cortical interneuron development, SOX6 participates in setting the pace for the proper timing of developmental transitions. In this model, loss of SOX6 might result in premature differentiation into neurons normally born at later developmental stages, at the expense of those born at early stages. Supporting this interpretation, dual IdU/CldU birthdating analysis of the molecular differentiation of early- and late-born neurons in *Sox6*^−/−^ cortex reveals that early-born neurons aberrantly differentiate and express the normally later-born subtype-defining protein NPY. As the lineage relationships of particular cortical interneuron subtypes are further clarified, it will be possible to discern whether loss of SOX6 function alters temporal development within a lineage (e.g. those that would normally be SST^+^ neurons aberrantly differentiate into NPY^+^ neurons born later potentially within the same lineage), and/or whether lack of SOX6 function results in inappropriate differentiation across lineages (e.g. those that would normally be PV^+^ neurons aberrantly differentiate into NPY^+^ neurons born later from a potentially distinct lineage).

Intriguingly, we recently reported that loss of SOX5 function from pallium-derived corticofugal projection neurons results in the premature adoption of subcerebral projection neuron features that are characteristic of later stages of cortical projection neuron development[@R22]. Therefore, it is possible that SOX6 and SOX5 both suppress coordinately-regulated controls that promote premature transition into later stages of subtype differentiation. Consistent with this interpretation are the largely redundant roles of both SOX6 and SOX5 in chondroblasts during cartilage development, and in oligodendroglial progenitors in the spinal cord, in preventing the premature transition of these cell types to subsequent stages of development[@R32],[@R33]. Given their analogous loss-of-function phenotypes, it is interesting to speculate that SOX6 and SOX5 "separated" in function during the evolution of the increasingly complex neuronal diversity of the telencephalon, and assumed their complementary but distinct roles.

Methods {#S11}
=======

Mice {#S12}
----

*Sox6*^+/−^ and *Sox5*^+/−^ mice were the generous gift of V. Lefebvre[@R32] (*Sox6* GeneID 20679; *Sox5* GeneID 20678). *GAD67-GFP* (delta-neo) mice were the generous gift of Y. Yanagawa[@R28],[@R44]. *Ngn2*^+/−^/*Ngn1*^+/−^ mice were the generous gift of F. Guillemot[@R4]. The *Sox6* and *Sox5* transgenic mice are on a pure C57BL/6 background. The *Ngn2/Ngn1* transgenic mice are on a pure CD1 background. The *Sox6*/*GAD67-GFP* transgenic crosses are a mix between C57BL/6 and Swiss Webster; controls always had the same degree of mixed background. The day of vaginal plug detection was designated as embryonic day 0.5 (E0.5). The day of birth was designated as postnatal day 0 (P0). All mouse studies were approved by the Massachusetts General Hospital IACUC, and were performed in accordance with institutional and federal guidelines.

Immunocytochemistry and *in situ* hybridization {#S13}
-----------------------------------------------

Brains were fixed and stained using standard methods[@R18]. Primary antibodies and dilutions were used as follows: rabbit anti-SOX6, 1:500 (Abcam); goat anti-SOX5, 1:250 (Santa Cruz Biotech); mouse anti-BrdU, 1:500 (Becton Dickinson) (detects IdU); rat anti-BrdU, 1:500 (Accurate) (detects CldU); mouse anti-BrdU, 1:750 (Chemicon); rabbit anti-phospho-histone-H3, 1:200 (Upstate); mouse anti-phospho-histone-H3, 1:400 (Abcam); mouse anti-PCNA, 1:5000 (Sigma); rabbit anti-TBR1, 1:1500, gift of R. Hevner; rabbit anti-TBR1, 1:500 (Abcam); rat anti-CTIP2, 1:1000 (Abcam); mouse anti-Reelin, 1:500 (Chemicon); rabbit anti-GFP, 1:500 (Molecular Probes); mouse anti-PV, 1:500 (Sigma); rat anti-SST, 1:100 (Chemicon); mouse anti-Calb, 1:500 (Chemicon); rabbit anti-Calret, 1:1000 (Chemicon); mouse anti-Calret, 1:400 (Chemicon); rabbit anti-NPY, 1:500 (Immunostar); rabbit anti-VIP, 1:100 (Immunostar); rabbit anti-LHX6, 1:1000, gift of V. Pachnis. Appropriate secondary antibodies were from the Molecular Probes Alexa series. When double immunocytochemistry was performed with two primary antibodies raised in the same species (only in the case of SOX6 co-localization with NPY and VIP, and NPY co-localization with TBR1 and LHX6): immunocytochemistry for each antibody was performed sequentially using different secondary antibodies; tissue was fixed for 30 minutes in 4% PFA and rinsed in PBS before application of the second primary antibody; and, in instances of minor cross-reactivity, nuclear versus cytoplasmic localization of fluorescence was used to distinguish between the two.

Riboprobes were generated and non-radioactive *in situ* hybridization was performed as previously described[@R18]. The *Sox6* cDNA clone was the gift of V. Lefebvre[@R32]. RT-PCR was used to generate the following cDNA clones: *Ngn2*- NM_009718.2 (BGEM); *Mash1*- Riboprobe ID: RP_050927_04_D07 (Allen Brain Atlas); *Olig2*- NM_016967.2 (BGEM); Pax6- Riboprobe ID: RP_050927_01_H01 (Allen Brain Atlas); *Cux2*[@R19]; *PlexinD1*[@R19]; *Lhx6*- ID: MTF\#274 (Gudmap); *Vglut2*- nucleotides 2477--2933 of NM_080853.

Molecular and mitotic characterization of progenitors {#S14}
-----------------------------------------------------

For examination of pallial progenitor phenotype, we performed immunocytochemistry for SOX5 ([Fig. 2](#F2){ref-type="fig"}; n = 5 wildtype and n = 4 *Sox6*^−/−^ at E13.5; n = 4 wildtype and n = 4 *Sox6*^−/−^ at P0), and *in situ* hybridization for *Mash1* ([Fig. 3](#F3){ref-type="fig"} and [Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}; n = 3 wildtype, n = 3 *Sox6*^−/−^, n = 1 *Sox5*^−/−^, n = 1 *Sox6*^−/−^/*Sox5*^−/−^ at E13.5; n = 2 wildtype and n = 1 *Ngn2*^−/−^/*Ngn1*^−/−^ at E14.5; n = 1 wildtype and n = 1 *Sox6*^−/−^ at E17.5), *Sox6* ([Fig. 3](#F3){ref-type="fig"}; n = 2 wildtype and n = 1 *Ngn2*^−/−^/*Ngn1*^−/−^ at E14.5), *Olig2* ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}; n = 1 wildtype and n = 1 *Sox6*^−/−^ at E13.5) and *Pax6* ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}; n = 1 wildtype and n = 1 *Sox6*^−/−^ at E13.5). For examination of subpallial progenitor phenotype, we performed *in situ* hybridization for *Sox6* ([Fig. 2](#F2){ref-type="fig"}; n = 3 wildtype and n = 2 *Sox6*^−/−^ at E13.5; n = 3 wildtype and n = 3 *Sox6*^−/−^ at P0), and *Ngn2* ([Fig. 3](#F3){ref-type="fig"} and [Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}; n = 3 wildtype, n = 2 *Sox6*^−/−^, n = 1 *Sox5*^−/−^, n = 1 *Sox6*^−/−^/*Sox5*^−/−^ at E13.5; n = 1 wildtype and n = 1 *Sox6*^−/−^ at E17.5).

For BrdU birthdating and phospho-histone H3 quantification, timed pregnant females received a single intraperitoneal injection of BrdU (50mg/kg) at E13.5 (pallial progenitor analysis) or E14.5 (subpallial progenitor analysis in [Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}). Embryos were collected one hour later, and processed for BrdU immunocytochemistry[@R19]. For pallial progenitor quantification, four anatomically matched cortical sections from each mouse were selected (n = 3 wildtype, n = 3 *Sox6*^−/−^), BrdU and phospho-histone H3 immunocytochemistry were performed (two hours of 2N HCl treatment preceded BrdU immunocytochemistry), fluorescent images were obtained, and two anatomically matched areas (130 μm × 200 μm) from each hemisphere of each section (one medial, one lateral), were selected for blinded quantification of BrdU positivity (defined *a priori* as having strong and homogenous nuclear labeling) and phospho-histone H3 positivity by two independent investigators. Normal distribution was confirmed, and the unpaired, two-tailed t test was used for statistical analysis.

Microarray Analysis {#S15}
-------------------

Each embryo of four E13.5 litters (generated by mating male and female *Sox6*^+/−^ mice) was placed in cold HBSS, the pallium was microdissected and immediately preserved in RNA*later* (Ambion), and remaining embryo tissue was subsequently genotyped. RNA extraction, quality assessment, and amplification followed previously reported methods[@R18]. Briefly, to ensure biological significance and reproducibility, biological replicate RNA samples from four wildtype and four *Sox6*^−/−^ embryos were extracted using the StrataPrep Total RNA Mini Prep Kit (Stratagene), and RNA was quantified using a NanoDrop (Thermo Fisher Scientific), and quality was assessed with a Nanochip in a Bioanalyzer (Agilent Technologies). RNA was amplified via two rounds of *in vitro* transcription and biotinylated using a BioArray HighYield RNA Transcript Labeling Kit (Enzo), yielding approximately 20--50 μg of labeled cRNA for hybridization[@R18], and the quality of the amplified RNA was assessed with a Nanochip in a Bioanalyzer before hybridization on Affymetrix 430.2 GeneChips.

Homotypic (biological replicates) and heterotypic comparisons (wildtype vs. *Sox6*^−/−^) were performed using Rosetta Resolver software (Rosetta Inpharmatics). Differentially expressed genes with an absolute fold change \> 1.8 and a p value \< 0.005 were selected for further analysis. To rigorously ensure statistical significance of identified candidate genes, data were normalized via three additional independent methods (RMA, gcRMA, and MAS (Affymetrix)) in Bioconductor, and significance of candidate genes were cross-referenced with the Rosetta Resolver normalized dataset. Additional cross-referencing was performed with genes identified as significant with a Significance Analysis of Microarrays (SAM) approach using an absolute fold change \> 1.8 and d value of 0.772 for gcRMA normalized data and a d value of 0.35 for RMA normalized data. Biological relevance of candidate genes was assessed in an integrated gene analysis platform developed in our laboratory (Jabaudon, et al., unpublished data), using online *in situ* hybridization, gene ontology, protein function, and literature databases to individually assess expression and function of each gene. Statistically significant genes with normally segregated pallial or subpallial expression during development were identified ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}).

Mis-expression of SOX6 and SOX5 via Electroporation {#S16}
---------------------------------------------------

For control experiments, a vector containing *IRES-EGFP* under the control of a constitutively active CMV/ β-actin promoter was used[@R19] (a generous gift of C. Lois). *Sox6* and *Sox5*[@R22] were cloned upstream of *IRES-EGFP* for mis-expression. 750 nl of purified DNA (1.0 μg/ μl) mixed with 0.005% Fast Green (for visualization) was injected *in utero* into the lateral ventricle of CD1 embryos at E12.5 under ultrasound guidance (Vevo 770, VisualSonics) and electroporated into the subpallial (*Sox6*) or pallial (*Sox5*) ventricular zone, as described[@R19],[@R22]. Embryos were analyzed at E16.5 (n = 3 subpallial control, n = 3 subpallial *Sox6*; n = 3 pallial control; n = 3 pallial *Sox5*; multiple independent litters were examined in each condition).

Interneuron Quantification {#S17}
--------------------------

For quantification of the tangential distance between the leading edges of the MZ and IZ/SVZ interneuron tangential migratory streams at E13.5, anatomically matched sections were selected (n = 3 wildtype/*GAD67*-*GFP*^+/−^, n = 3 *Sox6*^−/−^/*GAD67*-*GFP*^+/−^; 10--12 hemispheres per mouse, spanning the rostro-caudal extent of the telencephalon), and GFP immunocytochemistry was performed. The distance was measured in μm between the position of the soma of the leading neuron of the MZ stream, radially projected to the pial surface, and the corresponding position of the soma of the leading neuron in the IZ/SVZ stream, radially projected to the pial surface, determined by drawing imaginary lines radially from the MZ and IZ/SVZ streams perpendicular to the surface of the brain ([Supplementary Fig. 5a](#SD2){ref-type="supplementary-material"}).

For quantification of interneuron number at E13.5, anatomically matched sections were selected (n = 3 *Sox6*^+/+^/*GAD67*-*GFP*^+/−^, n = 3 *Sox6*^−/−^/*GAD67*-*GFP*^+/−^, 10--12 hemispheres per mouse spanning the rostro-caudal extent of the telencephalon), GFP immunocytochemistry was performed, and Grid Confocal (Improvision) images were obtained of a single plane of GFP^+^ neurons. Digital boxes of fixed area (MZ stream: 85 μm × 175 μm; IZ/SVZ stream: 115 μm × 175 μm) were superimposed at predetermined anatomical landmarks at the base, middle, and leading edge of each migratory stream of each hemisphere, and GFP^+^ neurons were quantified ([Supplementary Fig. 5b](#SD2){ref-type="supplementary-material"}).

For P0 quantification, anatomically matched sections were selected (n = 3 wildtype, n = 3 *Sox6*^−/−^; 10--12 hemispheres per mouse spanning the rostro-caudal extent of the telencephalon); GFP immunocytochemistry was performed; digital boxes of fixed width were equally divided into four bins (see [Fig. 5a](#F5){ref-type="fig"}), superimposed on the cortices adjacent to the PSB of each hemisphere, and height was adjusted to extend from the bottom of layer VI to directly under the MZ (at P0 the MZ is still very interneuron dense, and was, therefore, not included in the quantification). GFP^+^ neurons were quantified, and density values were calculated based on the area of the box in each image; densities are expressed as neurons/mm^2^. Laminar distributions were determined by dividing the proportion of neurons in each bin by the total number of neurons in all bins.

For P14 quantification, anatomically matched sections were selected (n = 3 wildtype, n = 3 *Sox6*^−/−^; 8--12 hemispheres per mouse spanning the rostro-caudal extent of the telencephalon); SOX6, GFP, PV, SST, NPY (n = 6 wildtype, n = 6 *Sox6*^−/−^), VIP (n = 4 wildtype, n = 4 *Sox6*^−/−^), Calret, Calb, and LHX6 immunocytochemistry was performed; digital boxes of fixed width were equally divided into four bins (see [Fig. 5b](#F5){ref-type="fig"}), superimposed on the cortices adjacent to the PSB of each hemisphere, and height was adjusted to extend from the top of the white matter to the cortical surface. The percentages of wildtype interneurons that express SOX6 ([Fig. 6b](#F6){ref-type="fig"}) were calculated from the total numbers in all four bins. Density values and laminar distributions in wildtype and *Sox6*^−/−^ were calculated as above. Quantification ([Fig. 6d](#F6){ref-type="fig"}) is represented as the percent of neuron density in *Sox6*^−/−^ cortex compared to WT.

For IdU and CldU interneuron birthdating, equimolar delivery of IdU (57.5 mg/kg) at E11.5 and CldU (42.5 mg/kg) at E15.5 was performed[@R47]. Mice were perfused at P14, genotyped, and brains were processed for immunocytochemistry. Anatomically matched sections were selected; IdU, CldU, PV, SST, and NPY immunocytochemistry was performed (IdU and PV, IdU and NPY: n = 2 wildtype, n = 3 *Sox6*^−/−^; IdU and SST, CldU and PV, CldU and SST, CldU and NPY: n = 2 wildtype, n = 2 *Sox6*^−/−^; 7--8 hemispheres per mouse spanning the rostro-caudal extent of the telencephalon); digital boxes of fixed width were superimposed on the cortices adjacent to the PSB, and height was adjusted to extend from the top of the white matter to the cortical surface. Interneurons co-expressing SST, PV, or NPY, and either IdU or CldU (defined *a priori* as having strong and homogenous nuclear labeling) were quantified (co-labeling defined as clear nuclear label surrounded by cytoplasmic PV, SST, or NPY label ([Fig. 7a](#F7){ref-type="fig"})), and density values were calculated based on the area of the box in each image. Quantification ([Fig. 7b](#F7){ref-type="fig"}) is represented as the percent of neuron density in *Sox6*^−/−^ cortex compared to WT.

All quantification was performed on 50 μm vibratome sections using well-established modified stereological methods, beginning at the rostral limit of the corpus callosum and continuing caudally, skipping 4 sections between samples, so that no cell could be double-counted in an adjacent section. We used strict *a priori* criteria whereby the entire soma of a cell needs to be present to be counted, effectively accomplished by counting with high numerical aperture optics within the central approximately 30 μm of the thick 50 μm sections, avoiding cut neurons present in the top or bottom approximately 10 μm of each section. All quantifications were blinded, normal distribution was confirmed, and the unpaired, two-tailed t test was used for statistical analysis; Welch correction was performed in the rare instances when the standard deviations of the two groups varied significantly. All results are expressed as the mean ± SEM.

Microscopy and image analysis {#S18}
-----------------------------

Tissue sections were viewed on a Nikon E1000 microscope equipped with an X-Cite 120 illuminator (EXFO), and images were collected and analyzed with Volocity image analysis software (Improvision; Version 4.0.1). Images were optimized for size, color, and contrast using Photoshop 7.0. Single plane fluorescence images for E13.5 interneuron quantification were obtained using the Volocity Grid Confocal microscopy system (Improvision); images were collected at the approximate midpoint between the top and bottom planes of focus.
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![SOX6 and SOX5 are expressed in complementary populations of telencephalic progenitors and neuronal progeny during corticogenesis. (**a**) Schematic illustrating the relative position of the neocortex, LGE, MGE, and CGE in the developing brain. (**b,c**) *Sox6* (**b**; black arrow) is expressed in a slight dorsal-high ventral-low gradient, and SOX5 (**c**; black arrow) is expressed in a ventral-high dorsal-low gradient in the telencephalon (white dotted circles) at E10.5, as corticogenesis is beginning. Insets show higher magnification view of the telencephalon. (**d,e**) During corticogenesis, shown here at E13.5 and E15.5, *Sox6* (**d**) is expressed in progenitors of the pallial ventricular zone (VZ) (red arrows) and in postmitotic neurons in the MGE and CGE mantle zones (red arrowheads), but it is not expressed in subpallial VZ progenitors (blue arrows). SOX5 (**e**) is expressed in subpallial VZ progenitors (blue arrows) and postmitotic neurons in the cortical plate (blue arrowheads), but it is not expressed in pallial VZ progenitors (red arrows). (**a**) adapted from[@R13]. (**b,d**) ISH, *in situ* hybridization; (**c,e**) ICC , immunocytochemistry. Ctx, cortex; PSB, pallial-subpallial boundary; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence. Scale bars, (**d,e**; E13.5) 100 μm, (**d,e**; E15.5) 150 μm.](nihms134256f1){#F1}

![SOX6 and SOX5 are cross-repressive in pallial and subpallial telencephalic progenitor domains. (**a**) SOX5 expression, which normally extends to the ventral edge of the pallial-subpallial boundary (blue arrows in WT) and is absent from pallial VZ progenitors, shown here at E13.5 and P0, ectopically expands into *Sox6*^−/−^ pallial VZ progenitors (blue arrows in *Sox6*^−/−^). This SOX5 expansion is most pronounced near the pallial-subpallial boundary (PSB) at E13.5, and extends evenly throughout progenitors of the entire pallial VZ by P0. (**b**) Conversely, *Sox6* expression, which normally extends to the dorsal edge of the PSB (red arrows in WT) and is absent from subpallial progenitors, shown here at E13.5 and P0, ectopically expands into *Sox5*^−/−^ subpallial VZ progenitors (red arrows in *Sox5*^−/−^). This *Sox6* expansion is most pronounced near the PSB in the LGE at E13.5, and extends evenly throughout progenitors of the entire subpallial VZ by P0. (**a**) immunocytochemistry; (**b**) *in situ* hybridization. WT, wildtype; PSB, pallial-subpallial boundary; LGE, lateral ganglionic eminence. Scale bars, (**a,b**) 50 μm.](nihms134256f2){#F2}

![Loss of SOX6 function results in ectopic proneural gene expression in pallial progenitors and subpallial mantle zones. (**a**) *Mash1*, which is normally restricted to subpallial VZ progenitors, and is not expressed by pallial VZ progenitors (red arrows) or by postmitotic neurons in subpallial mantle zones (red arrowheads), is ectopically expressed in *Sox6*^−/−^ pallial VZ progenitors, and is ectopically expressed in the MGE and CGE mantle zones, shown here at E13.5. (**b**) *Ngn2*, which is normally restricted to pallial VZ progenitors, and is not expressed by postmitotic neurons in subpallial mantle zones (red arrowheads), is ectopically expressed in *Sox6*^−/−^ MGE and CGE mantle zones, shown here at E13.5. (**c**) As previously reported[@R4], *Mash1*, which is normally not strongly expressed in pallial VZ progenitors, shown here at E14.5 (red arrows), is ectopically expressed in progenitors of the *Ngn2*^−/−^/*Ngn1*^−/−^ pallial VZ. (**d**) As in the wildtype, SOX6 continues to be expressed in *Ngn2*^−/−^/*Ngn1*^−/−^ pallial VZ progenitors (red arrows). SOX6 is ectopically expressed in *Ngn2*^−/−^/*Ngn1*^−/−^ postmitotic pallium-derived neurons in the cortical plate (red arrowheads), consistent with the ectopic expression of subpallial postmitotic signals in pallium-born neurons in the absence of Ngn2 function, as previously described[@R4],[@R5]. (**a**--**d**) *in situ* hybridization. WT, wildtype; Ctx, cortex; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence. Scale bars, (**a**--**d**) 100 μm.](nihms134256f3){#F3}

![Loss of SOX6 function results in abnormal early cortical interneuron differentiation, without a change in interneuron number. (**a**) While excitatory neuron-specific *Vglut2* is not normally expressed in neurons born in the subpallium, shown here at E15.5 (red arrowheads), in *Sox6*^−/−^ mice, *Vglut2* is ectopically expressed in the subpallial mantle zone. (**b,c**) GAD67-GFP^+^ neurons are born in both wildtype and *Sox6*^−/−^ MGE (white arrowheads). However, as GABAergic cortical interneurons tangentially migrate into the cortex, the leading edge of the marginal zone (MZ) migratory stream is consistently less advanced in the *Sox6*^−/−^ cortex compared to wildtype (white arrows) (60% reduction in distance; p = 0.03 (**c**)). (**d**) There is no difference between wildtype and *Sox6*^−/−^ cortex in the number of migrating cortical interneurons in either the MZ or IZ/SVZ migratory streams. (**a**) *in situ* hybridization; (**b**) immunocytochemistry. WT, wildtype; MZ, marginal zone; IZ, intermediate zone; SVZ, subventricular zone. Dotted lines (**b**) indicate lateral ventricle boundary. Scale bars, (**a**; low magnification) 150 μm, (**a**; high magnification, **b**; low magnification) 100 μm, (**b**; high magnification) 50 μm. Results are expressed as the mean ± SEM.](nihms134256f4){#F4}

![Loss of SOX6 function disrupts the normal laminar position and morphology of cortical interneurons. Analysis of *GAD67-GFP* mice reveals that, while there are equal numbers of cortical interneurons at P0 (**a**) and P14 (**b**) in WT and *Sox6*^−/−^ cortex, there is a redistribution of interneurons toward deeper cortical layers in *Sox6*^−/−^ cortex compared to WT (**c,d**). Quantification at P0 (**c**) reveals a proportional increase in interneuron density in the deepest bin 1 by 13% (p = 0.01) and bin 2 by 5% (p = 0.04), and a proportional decrease in more superficial bin 3 by 7% (p = 0.05) and bin 4 by 10% (p = 0.004). Quantification at P14 (**d**) reveals an increase in interneuron density in the deepest bin 1 by 10% (p = 0.001) and a decrease in the more superficially located bin 3 by 5% (p = 0.0003). Red lines (**a,b**) indicate subdivision into 4 bins for quantification (see Methods). Interneurons have abnormal tangential morphology in *Sox6*^−/−^ cortex compared to the radially oriented interneurons in WT cortex (**a**; red arrowheads). (**a,b**) immunocytochemistry. WT, wildtype; MZ, marginal zone; CP, cortical plate; WM, white matter. Dotted lines (**a,b**) indicate pial surface. Scale bars, (**a**; low magnification) 200 μm, (**a**; intermediate magnification) 50 μm, (**a**; high magnification) 25 μm, (**b**; low magnification) 300 μm, (**b**; high magnification) 100 μm. Results are expressed as the mean ± SEM.](nihms134256f5){#F5}

![SOX6 is necessary for cortical interneuron subtype development. (**a,b**) At P14, SOX6 is expressed by \~65% of all neocortical GAD67-GFP^+^ interneurons, including essentially all PV^+^ (86%) (white arrowheads), SST^+^ (96%) (white arrowheads), SST^+^/Calret^+^ (83%), and SST^+^/Calret^−^ (95%) interneurons; over 1/3 of all NPY^+^ interneurons (37%) (white arrowheads; open arrowheads indicate NPY^+^/SOX6^−^ interneurons); essentially no VIP^+^ interneurons (3%) (open arrowheads indicate VIP^+^/SOX6^−^ interneurons); and very few of all Calret^+^ interneurons (11%) (open arrowheads indicate Calret^+^/SOX6^−^ interneurons). Red lines in (**a**) indicate approximate regions of magnification in (**b**). (**c,d**) At P14, PV^+^ cortical interneuron numbers (white arrowheads) are dramatically diminished in *Sox6*^−/−^ compared to WT cortex (93% reduction; p \< 0.0001), as are SST^+^ cortical interneuron numbers (red neurons; white arrowheads) (70% reduction; p = 0.002). There is no change in the number of Calret^+^ interneurons (green neurons; open arrowheads), though the subset of SST^+^/Calret^+^ interneurons (yellow neurons; white arrows) is reduced in number in *Sox6*^−/−^ compared to WT cortex (79% reduction; p = 0.03). The subset of SST^+^/Calret^−^ interneurons is also reduced (70% reduction; p = 0.001). The number of NPY^+^ cortical interneurons (white arrowheads) is dramatically increased in *Sox6*^−/−^ compared to WT cortex (137% increase; p = 0.0009). There is no change in the number of VIP^+^ interneurons (white arrowheads). The positions of the yellow boxes in low magnification panels (**c**) are representative of the neocortical position examined in high magnification panels. Quantification in (**d**) is represented as the percentage of neuron density in *Sox6*^−/−^ compared to WT. (**a**--**c**) immunocytochemistry. WT, wildtype; WM, white matter. Dotted lines (**a,c**) indicate pial surface. Scale bars, (**a,c**; low magnification) 300 μm, (**a,c**; high magnification) 100 μm, (**b**) 50 μm. Results are expressed as the mean ± SEM.](nihms134256f6){#F6}

![Loss of SOX6 function produces an increased number of early- and late-born NPY^+^ cortical interneurons. (**a,b**) Dual birthdating of cortical interneurons using IdU (E11.5) and CldU (E15.5) reveals a dramatic decrease in the number of PV^+^ and SST^+^ early- and late-born interneurons (early PV: 83% decrease; p = 0.002; early SST: 65% decrease; p = 0.009; late PV: 88% decrease; p = 0.02; late SST: 93% decrease; p = 0.04 (**b**)), and a large increase in the number of NPY^+^ early- (white arrowheads) and late-born (white arrows) interneurons (early NPY: 40% increase; p = 0.03; late NPY: 90% increase; p = 0.04 (**b**)). Co-localization was strictly assessed as homogenous, strong nuclear IdU or CldU label surrounded by cytoplasmic PV, SST, or NPY labeling (NPY/IdU co-localization provided as a representative example in (**a**; white arrowhead)). Quantification in (**b**) is represented as the percentage of neuron density in *Sox6*^−/−^ cortex compared to WT. (**a**) immunocytochemistry. WT, wildtype; WM, white matter. Dotted lines (**a**) indicate pial surface. Scale bars, (**a**; low magnification) 100 μm, (**a**; high magnification) 10 μm. Results are expressed as the mean ± SEM.](nihms134256f7){#F7}

![SOX6 control over MGE-derived cortical interneuron subtype differentiation is population autonomous. (**a**) At E13.5, during early stages of cortical interneuron differentiation, MGE-born interneurons in WT and *Sox6*^−/−^ telencephalon express *Lhx6* (low magnification; red arrowheads), but the development of these neurons is disrupted in *Sox6*^−/−^ mice; as the migratory streams are disorganized compared to WT (high magnification; red arrowheads), and the leading edge of the MZ migratory stream compared to the IZ/SVZ stream is consistently shorter in *Sox6*^−/−^ mice compared to WT (red arrows). (**b**) At P14, a large subset of *Lhx6*^+^ neurons present in the cortex of WT mice have populated the maturing *Sox6*^−/−^ cortex (red arrowheads). (**c,d**) At P14 in WT cortex, the vast majority of LHX6^+^ neurons (99% ± 0.5%) do not express NPY (**d**; white arrowheads), while in *Sox6*^−/−^ cortex, LHX6^+^ neurons dramatically increase their co-expression of NPY (**d**; white arrows) (\~11.5-fold increase; p = 0.004 (**c**)), especially in deeper layers (81% ± 5% of co-localization in the two deepest bins; see [Fig. 5b](#F5){ref-type="fig"} for bin placement). Quantification in (**c**) is represented as the density of neurons/mm^2^. (**a,b**) *in situ* hybridization; (**d**) immunocytochemistry. WT, wildtype; WM, white matter. Dotted lines (**b,d**) indicate pial surface. Scale bars, (**a**; low magnification, **b, d**; low magnification) 100 μm, (**a**; high magnification) 50 μm, (**d**; high magnification) 25 μm. Results are expressed as the mean ± SEM.](nihms134256f8){#F8}
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